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SECTION I

INTRODUCTION

Runway damage in general comes in many forms and is classi-
fied and discussed in many publications too numerous tc be includ-
ed here. The same may be said of the repair of damaged runways
and no attempt will be made here to review the historical back-
ground of methods of runway damage or repair.

Runway damage as defined in this report means that a portion
of the runway, 10 to 20 feet (approximately 3-6 m) in diameter,
has been damaged by some method and the entire damaged area, in-
cluding portions of the sub-base, must be removed and replaced by
suitable repair materials and methods. However, the repair, tem-
porary in nature, must be done as quickly as possible and in such
a fashion as to allow aircraft takeoff and landings.

This report covers two small portions of the overall runway
damage and rapid runway repair area. The two main phases, as
specified in the contract, to be addressed were (I) develop
analytical techniques to evaluate thin flexible covers, available
in the Air Force inventory, to be used to prevent foreign object
damage (FOD) from a damaged crater filled with crushed limestone
and (II) recommend other methods of repair and present design
curves for same. Phase I was considered the most immediate re-
quirement and was to be accomplished to support the North Field
tests where repair materials were already specified. The Phase
II was to be accomplished as time permitted under the contract
period.

The remainder of the report will be broken into two parts
covering both Phase I and Phase II respectively.




SECTION IT

PHASE I

1. MATERIAL PROPERTIES TESTS
a. As-Received Material

The main material in question to be used in Phase [ was a
flexible cover known as T1l7 (Reference 1). Some of the proper-
ties of the material are given in Reference 1, however, for an
analysis a stress strain curve or constitutive relation is re-
quired. In order to establish this data, a series of tests were
conducted to determine both a stress-strain curve and ultimate
strength of the T17 material. The stress-strain curve, obtained
experimentally, and shown in Figure 1, was used in all analyses
to be discussed in the following sections. The breaking strength
of 420 1b/in (736 nt/cm) is slightly higher than the value of
365 1b/in(639 nt/cm) reported in Reference 1.

The stress-strain curve was determined by measuring the
elongation of a 50 mm long gage length in the middle of a 127 mm
reduced cross section specimen. The material behaved nonlinear
elastic as shown in Figure 1. After removal of the loads, up to
approximately 12 percent strain, the material returned to its
original length with resulting permanent strains of less than
1 percent.

b. High Temperature Test

The temperature effects resulting from jet blast on the cover
material were investigated by applying heat by cpen rlame from a
small propane torch to test specimens both before and during
loading. Prior to testing the tensile samples, pieceu of the
material with a thermocouple imbedded in them were subjected to
the open flame. It was determined that the temperatures of
approximately 300°F (149°C) could be reached without actual
burning or charring the material. (Prolengea application of the
flame above this temperature resulted in flaming of the material
after removal of the torch.)

These tensile specimens (1.0 inch (2.54 cm) wide at test sec-
tion) were heated to approximately 300°F (149°C) then cooled and
tested at room temperature. The results of these three tests
showed very similar results to those of the as-received material
reported on previously. Elongation appeared to be similar and
fracture occurred at a point outside the heated area.

Two as-received specimens were placed in the tensile
machine and loaded to 200 1b/in (350 nt/cm). The specimens

2
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were then heated under load to approximately 200°F (1u8°C). An
immediate drop in the load to approximately 150 1b/in (263 nt/crm)
was experienced. This indicates that elongation has occurred due

to change in temperature. Continucd loadinz of the lLeated speci-
men resulted 1in an average breaving strength of approximately 200
1b/in (438 nt/cm). Elongation of the heated specimen was not
measured but it appeared to be about the same or siiphtly greater
than the as-received specimen wloncation, H owove:, ¢ . “te
heated specimens urder load, the f{racture occurred n the hoate:
area.

Based on these limited tests it appears that lcecal one-cycle
heating, that does not actually burn the fibers or coating, and
subsequent loading does not have much effect on the mechanical
properties of the material. However, simuitaneous heating and
loading does show reduction in the fracture strength cf the cover
material. These statements must be restrictec to rne-cycle heat-
ings/loadings and would not necessarily apply unliaer reneated load-
ings and/or heatings.

c. Post Service Tests

A portion of the T17 FOD cover, which had been used in over
fifty F-4 and C-130 operations of the North Field Test, was cut
into 8.0 x 1.5 inch (20.32 x 3.81 cm) test specimens and loaded
until failure. Same size specimens of the "as received" material
were also tested at the same time. Five specimens of each were
tested and the average failure load of each was deierrinea. The
ratio of the average failure load of the post service test speci-
mens to that of the as-received test specimens was found to be
0.576.

The failure of the post service test specimen appeared .o ai-
ways occur at a small tear on the underside of the matevial whicl
had been exposed to the crushed limestone.

2. MEMBRANE ANALYSIS
a. Preliminary Analysis

In the repair procedure, the damaged area is cleared of de-~
bris and the crater filled with crushed limestone then compacted
and graded. The final step is to cover the graded limestone with
a flexible membrane (T17) to prevent foreign object damage (FOD)
during aircraft operations. A major concern was the response of
this membrane covering (hereafter referred to as the FOD cover)
to aircraft weight and loadings caused by braking and jet blast.

Aircraft loadings exerted on the repaired surface are com-
plicated by the motion of the aircraft but the major normal loads

4
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(perpendicular to runway) and braking loads in the plane of the
runway decrease as the aircraft velocity and 1ift forces increase.
This means that at taxi velocities the normal and braking loads

are at their maximum. In the analyses that follow it is assumed
that the dynamic or inertia loads are negligible. It may be that
the inertia loads are very important at high velocity passes across
a repaired area but that aspect of the study was cconsidered beyond
the scope of this report.

For the membrane analysis, the braking loads are the primary
concern and for the flexible FOD cover the bending loads caused
by the weight of the aircraft are negligible. In later discus-
sions for thick coverings the bending loads must be considered.

In an initial effort to examine the response of the FOD cover
to the braking load of an aircraft, a membrane finite element
analysis was employed. The membrane element is one of the stand-
ard elements of the computer code SAPIV (Reference 2). Shown
schematically in Figure 2, a 6 x 6~foot (1.83 m x 1.83 m) FOD
cover was broken into 6-inch (15.24% cm) square elements, loaded
on one free edge and tolted on the opposite edge with the other
two edges free. This model stems from the 12 x 6-foot (3.66 m X
1.83 m) panel of the F-u4 braking tests of July 8, 1980, Tyndall
Air Force Base. Since the FOD cover can only carry a very mini-
mal inplane compressive load, only the membrane between the loacd
and the bolted edge were used in the model.

The load is applied as 100 pounds (445 nt) scattered in four
10-pound (44.5 nt) load points surrounding a 60-pound (267 nt)
point shown at the nodes 137, 149, 150, 151, and 163 of Ffigure 2.
The objective of this study is to show that as more and more
hold-down points are fixed the stress at the individual pins is
reduced while the stress near the load remains nearly the same for
each pinned edge case. The analyses were accomplished using this
constant load distributed as previously described for a combina~
tion of pins on the resisting edge as given in Table 1.

TABLE 1. RESISTING NODE COMBINATIONS

Case Number of Nodes Pinned Pinned Node Nos.
A 2 1, 13
B 3 1, 7, 13
C 5 1, 4, 7, 10, 13
D 12 (entire edge) 1, 2, 3, 4, 5, 6, 7,

8, 9, 10, 11, 12, 13
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Figure 2. Nodes and Elements Used in the Preliminary Finite

Element Analysis of the T17 FOD Cover.

Node Numbers

are Given Just to the Lower Left of the Nodes and

Element Numbers are Given in the Middle of the Elements.

The Load is Shown to the Right of the Arrows With A

# Symbol.
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The stress distributions {or the given resisting node combina-
tion are shown in Figures 3 through 6. The stress distributions
show the tensile principal stress and its direction. The maximum
principal stresses and their direction are shown in the elements
of the membrane with stress shown on top and the angle given be-
neath the stress value. The loading is shown at the top of mem-
brane and the pins are shown as circled nodes at the bottom of
each figure. Due to symmetry of the problem only half of the
membrane is shown for each of the Figures 3 through 6. The angle
is measured from a horizontal line parallel to the bottom row of
pins. It is worthy to note the gradual reduction in stress at
the pins as the number of pins is increased, while the stress at
the loadings remains almost constant.

In addition a series of small plastic sheets were tested as
shown in Figure 7. The plastic sheet was much thinner and weaker
than the T1l7 FOD cover material, but nevertheless acts as a mem-
brane and displays the same characteristics as shown in real test
and the above @nalyses. The tests were performed on a full panel
and loaded inplane at the center as shown in Figure 7. The load
was not measured, but each time the load was increased until a
point in the sheet ruptured. The resisting edge pin combina-
tions used in the test are given in Table 2.

TABLE 2. THIN PLASTIC RESISTING PIN COMBINATIONS

Case Pins Used (Equally Spaced)
1 2
2 3
3 5
4 7
5 Whole edge fixed

The thin plastic sheet showed similar results as discussed in
the Analyses. For the two-pin case, rupture of the sheet occurred
at one of the pins. For the three-pin case, both pin and load
points showed considerable deformations and it appeared that
material at a pin and at load failed almost simultaneously. For
the five-pin case, the material at the loading point failed with
very little deformation at the pins. For the case of the sheet
sandwiched between two plates, very little deformation occurred
at any of the fixed edges because failure occurred under load.

b. Full Scale Analysis

Based on the preliminary analysis of the FOD cover and the
simple thin plastic sheet tests, it was agreed that a minimum of

5
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Stress Distribution for Pins at Five Points. Pins
Shown as Circled Nodes. Stress Given as Top Number
and Angle Given as Lower Number. Positive Angle
Measured CCW from Horizontal. Stress in PSI and
Angle in Degrees.
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% x 1 x 1-inch square / with nut and washer

plywood
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Figure 7. Schematic of Loading Frames for Simple Test
¢n Thin Plastic Sheet.
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six-pinned positions ius sufficient to give an almost uniform ecdge
load and also insure that failure would occur at the membrane
center positioned arplied load and not at the pinned edge. The
main advantage for failure occurring at & point away from the ping
is that repair by cocntact cementing is much easier and faster if
the hold down pins and bars Jo not have to be removed, as would

be the case if failure at the pins occurred.

Using seven pinned positions, a 30-foot (9.15 m) square FOD
cover was analyzed using the same SAPIV Code as before. The
element size in this case was 1.0 foot (0.30 m) square except the
element size around the loading was reduced to 0.5 foot (0.15 m).
The same 100-pound (445 nt) load was applied at the center of the
FOD cover and stress distribution determined for the 0.042-Iinch
(0.11 cm) thick material with an assumed modulus of 1.0 x 10° psi.
The FOD cover was assumed pinned every 5.0 feet (1.52 m) or at a
total of seven places behind the load and the sheet forward of the
load was neglected.

The stress distribution as shown in Figure 8 is veryv similar
to that of the five-pinned cover of Figure 5. The stress distri-
bution indicates that as the loading is increased the failure
would tend to occur under the load, if the basic assumptions are
correct.

If the failure stress is approximately 10,000 psi (68.34 MPa)
as given in Figure 1, then the maximum braking load (load in the
plane of the membrane), assuming no stress ccncentrations, may be
calculated using the maximum stress for the 10G-pound (LLia.8 nt)
load. This results in (10,090/181) x 100 = 5525 pounds (2u.57 knt)
for the maximum braking load. However, a stress concentration
factor of at least two might be expected which reduces the maxi-
mum braking load for the T17 FOD cover to approximately 2800 pounds
(12.29 knt). This is considerably less than the maximum braking
load of 10,240 pounds (45.55 knt) as reported for a heavy F-4 air-
craft. This confirms analytically that braking should be avoided
on the T17 FOD cover by F-i4 aircraft.

If the T17 material thickness could be increased during fabri-
cation and assuming the strength to be linear with increased
thickness, a design curve may be constructed for the heavy F-Uu
aircraft. This curve is shown in Figure 9. Any conclusions
drawn from these curves must not imply the use of several layers
of the current T17 material.

At the pins or bolts of Figure 8, the stress appears to be
about 1/6 of that at the load position. Using a stress concen-
tration of three at the pins still indicates that failure would
occur first in the cover under the applied braking load, which has
been confirmed by the taxi test at Tyndall Air Force Base and thin
plastic sheet specimens discussed previously. It must be pointed

13
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8.

Full Scale FOD Cover Analysis. FOD Cover Size 30 x 30
Feet (9.15 x 9.15 m) Pinned at Seven Places as Shown by
Circles at Lower Nodes. Total Load of 100 Pounds (445
nt) Distributed at Center of Cover as Shown in Figure 2.
All Stresses Less Than 10 psi are Omitted. T17 Mater-
ial 0.042-inch (0.11 cm) Thick. Stress in PSI and
Angle in Degrees.
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out that the above discussion is baced on the 3M-foct (9.15 )
square FOD cover and changes in size cculd change the resulte o
the analysis.

¢. Jet Blast Analyses

The main objectives of this portion of the TOD couver anslyae
are to explore the advantages gained by fixing the sices cof tho
cover and discuss 1lift or vertical forces due tc the jet blast.

A full scale jet blast test on an IOD cover was conducrted v
use of an F-u4 aircraft at Tyndall Air Force Base, Florida. These
tests indicated that jet blast flowing over an TOL ccier could
cause considerable damage i1f the blast was allowr? to get under
the FOD cover. If the blast or atmospheri~ pressure is allowed
under the cover, considerable billowing of the (over occurs and
failure may occur due to increased tension in thz cover coupled
with the strength reduction due to temperature effect:. The bii-
lowing or 1ift of the cover could possiblv be preventsd cor z: -
duced by pinning all four edges of the cover.

I

€2}

(o}

The comparison of fixed cover sides to free cover =i

[STTH

b

made on the basis of cover center point displacerment of a.. -las-
tic, uniformly loaded plate and membrane. The major <iffere.cs
between a plate and a membrane is the assumpticr as to how the
load is distributed in the plate or ﬂLmb"ane matericl. Tor the
plate, the assumption is that the lca’ ' esiste o obendine o7
the plate with no midplane loading. Ln *he o*ther lani the e~
brane is assumed to resist displacement *lr-ough its irtial mid-
plane tension.

The expressions for out of plane <. ..o ~<fnt o Laoen  f
the plate were taken from Reference 2 =20l 2o ol In Talle L.
The expressions for out of plane disy aoiemer: T T oWoTE
derived based on methods given in Referen.e - -0 wrve oluo 7n
Table 3.

For the plate, the ratio of center point displacement for
free sides to fixed sides is about 3..2. However, the same rat.c
for membranes is only 1.39. It is important to note that these

comparisons are for elastic, small displiacements in plates and
membranes. For large displacements the ratios may not be as
large, but are expected to be greater than 1.0.

In an effort to determine 1lift forces on the membrane re-
sulting from the jet blast the following procedure or analysis
171as adopted. Based on T.0. 1F-4E-2-1 jet velocities of 800 ft/s
{244 m/s) may be experienced as far back as 15 feet (4.57 m) from
the rear nozzle of a single afterburner. sing the propertles of
standard air the dynamic pressure (0.5 pV2, where p = density and
V = velocity) is approximately 5.28 psi (?6 4 kPa) for this
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TABLE

OUT OF PLANE CIGPLACLMENTS

3

FOF UNITORMLY LUALED

PLATES AND FMIMBRANES

b

PLATE

Boundary Conditions

Center Point Displacement

Two sides clamped "
Two sides cimrly suprnorted ©.00192qga /Z
; ~ N b
All edges clanped 9.0012fca /D
. . . - I
All edges simrnly suprorted 1.33%406qa /D
Twe edges simply supported 0.01204%9¢ca /T
Two edgecs free
MEMBRANES

. .2
All edges simply supported 0.996tca /oh
Two edges simply supported 7
Two edges Iree 06.134%ga  /oh
a = width £ = modulus of elasticity
h = thickness D = En3/12(1-v?)
v = Poisson's ratio g = membrane stress
q = uniform load ch = membrane force/unit length




velocity and acts at an angle of 7-13 degrees from the plane of

the membrane. The inplane force rfenerated in ‘hoe cover i e ur-
ed to be sufficient to push all the slact 1in the cover rearwar?
causing buckling and humps in the cover., Treos namps are ihen
exposed to dynamic prescure wh..i further ctreotches the cover
causing a larger hump to form. This hump now p.vec »isc to 1 it
or vertical forces which aggravate the conditicn and uuz— tne

hump to increase in nreight, etc.

The vertical or 1ift force may be estimated assuming *he
hump that is formed is a half cylinder with It: longitudine.
axlis normal to the jet velocity vector. Using Figure 10 and a
uniform freestream velocity Uy, the velccity vecter V, for pcten-
tial flow, at the surface of +the cylinder 1- riven in REJ”PCu;' u
as

V2 = q‘Uo‘?sinze . (w\,
Using Bernoulli's equation,

0.5pV?+p = constant = C s (oo
where p is density, p is the local static precssure, C = po+0.5odo2
from stagnation conditions, and po is *the free stream static
pressure. The normal pressure acting on the upper curface of the
half cylinder then becomes

P = potpUg2(0.5~23in"#) . (3)

Assuming the pressure uncerneath the half cylinder and cover to
be equal to the free stream static pressure and “or 7low open to

the atmosphere this then becomes atmcspheric trensurc. 1hiograc-
ing the pressure p cver the uprer surfacs of +re Al ocylie o and
ps over the diameter of the lower suriace (T, re -} 'z ‘vrtical
force per unit length of the half cylinder of rali.c b hecomes

F, = 1.667bpUg? 1b/in . (4q)

v

Using equation (4), U, = 800 fps, and p = 0.002378 slugs/ft’ the
force Fv becomes 17.62b 1b/in.

Now the question becomes will the membrane fail under the
conditions of an 800 ft/s (244 m/sec) free stream et blast. A
1.0 to 2.0 psi (6.89-13.78 kPa) uniform inplane stress on a 30-
foot (9.15 m) long c.ver is sufficient to cause a 10 percent
elongation of the membrane and cause a hump to form near the end
of the cover. Assuming all the 10 percent elongation (36 inches
for a 30-foot long strip) goes to form a cylindrical hump, re-
sults in a radius b = 11.u46 inches (29.11 -m). From the previous
calculations of Fy = 17.62b and using b = 11.46 inches (29.11 cm)
the vertical force per unit half cylinder length becomes 202 1b/in
(354 nt/em). This running load is resisted by the membrane at two
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Figure 10. Flow Over a Half Cylinder,
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points (Figure 8) which results in a stress of dpp“qy1maf¢iy i6¢
1b/in (222 nt/cm) that now must be carried by the memiranc “n
addition to the load causing the initial stretching which at 13
percent strain is approximately ?JW 1b/in (444 nt/cm). The rup-
ture strength of the FOD cover :..i:x:rial (T17) was found tou be
400-420 1b/in (700-736 nt/cm) by vest as given previously irn Fig-
ure 1. However, at elevated temperature of 300°F (149°C), . k¢
rupture strength may be as low as 200 1b/in (44b nt/cm) and o
result in failure of the TOD cover under steady state blast
conditions.

3. PHASE T DISCUSSION, CONCLUSIONS AND RECCMMENDATIONS

Results of both tests and analyses show that braking on the
T17 material of 0.042-inch (0.107 cm) thickness should de avoided.
However, failure due to braking inplane loads will occur at the
centered lcad point rather than at the pinned sides.

Based on the full scale elastic analysis with pinned edgecs
every 5 feet (1.52 m), the maximum load on the middle boclt or
pin is about 25 percent of the braking load. For the T17 0.0u2-
inch (0.107 cm) thick material, the maximum braking load withcut
stress concentration is approximately 5600 pounds (24.9 knt).
For this analysis the maximum load on one bolt would be about 1400
pounds (6.23 knt). For increased cover thickness and a reduction
of the number of pins or bolts thig lcad would increase. Tor
other size covers and pin combinations, separate analyses would
be accomplished. Because of time limitations on the contract
period these additional analyses could not be accomplished at
this time.

Due to loss of strength at elevated temperatur-. and Ivcr-aocd
loading caused by 1lift forces, jet blast on tha ¥V . ~over for ror-
than 2 to 3 seconds should be avoided. Ir codition, jet blast
directed transverse to the free edge sho.:ld be avoidea compaerely.
A method for reducing the probabilitv of intrcducing the jet Llast
under the TOD cover on the runway is to increase the width of the
cover transverse to the directlon of the runway. Increased width
of the cover may alleviate probiems asscciated with the localized
jet blast of smail aircraft but will not be sufficient for the
"prop wash,”" wing vortex action, and extensive jet blast of larger
aircraft. Pinning of all four sides of the 0D cover could al-
most eliminate the lifting of the cover due to jet blast, however
this would increase the repair time. Turther discussions of this
will be given in Phase II.
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SECTION III

PHASE 11I

1. INTRODUCTION

As discussed previously, the preceeding Section I is concern-
ed with analysis of a specific FOD cover material, namely, the T17
material. This portion of the report is concerned with other
kinds of material and methods for rapid runway repair. The major
portion of the contract was devoted to Phase I and time limita-
tion prevented putting much emphasis on Phase II. However, some
other materials and analyses were considered and the results are
presented in the following secticns.

If the cover material gets reasonably thick, then bending
stresses become important and must be taken into account. For
elastic analyses the bending and membrane loads may be treated
separately. Membrane stresses are developed in plates with
transverse loadings but for small deflections and thick plates
these membrane stresses are almost negligitle. In the following
analyses, only bending stresses will be assumed to be developed
by transverse loads and only membrane stresses will be assumed
to be developed by inplane loadings.

The analyses of plates for use as FOD covers are further
complicated by the resisting forces of the foundation on which
the plate is placed. A general procedure is to assume the foun-
dation exerts a force linearly proportional to the transverse
deflection of the plate. This subject is usually lodged under
the general subject of plates on elastic foundations and is covered
in some detail in References 2 and 3. Closed form infinite series
solutions for the deflections and resulting bending stresses of
a simply supported (all four edges) plate on an elastic founda-
tion are given in Reference 3 for various loadings. The loading
which best represents an aircraft tire and wheel is the solution
of a small loaded area on the plate, however, in the analysis if
the loaded area is small compared to the overall plate area the
convergence of the series solution is very slow. For this study
a small loaded area with a uniform load equal to the aircraft
tire pressure will be used with regular plate theory. Particular
attention will be given to insure convergence of the series solu-
tion in the range of thicknesses used. In general the regular
plate theory neglects midplane stretching, assumes small deflec-
tions, neglects stresses normal to the plate, assumes plane sec-
tions remain plane, assumes small thickness to lateral dimensions
ratio and a linear elastic constitutive relation.

For a plate on an elastic foundation with a fixed load, the
maximum bending stress occurs at the plate center and when the

21




r'""—_'——_——'—_-——-—“!

load is applied at the plate center. For rectangular plates this
maximum stress is in a direction perpendicular *o the long :<ide
of the plate. Based on the above, the maximum bending stress o.
a plate simply supported by an elastic foundation and shown scho-
matically in Figure 11 is given by

i Z“’ [\,m2+(§)2nz] [Slnmﬂc mrd(b)]

o = g—- P L
max h? ’m=1 n=1 { 2+(a) n ] a }
m=1,3,5,...,
n=1,3,5, .
where
Omax - maximum bending stress psi(Pa) )
a = long length of plate in{m) s
b = short length of plate in(m) s
c,d = loaded area dimensions in(m) s
h = plate thickness in(m) s
E = modulus of elasticity psi(Pa) ’
v = Poisson ratio Dimensionless s
D = flexural 1igidity=Eh?®/12(1-v?) ,
P, = center load psi(Pa) ’
k = elastic foundation constant 1bf/in?(nt/r?) ,
m,n = integers Dimensionlecs

The maximum bending stress at the bottom <i an infinite size
plate of similar interior load of Figure 11 may te determined

-~

from the well known Westergaard equation given in Keference ? as

.275P Eh?

g = Log — (6)

max h2 IO(kRk>

x| =\1T.6r%%n2- .675n, r < 1.72un

| = r , v > 1.724h

where, in addition to the symbols above

P = ppnr? total load 1b(nt) ,

T = radius of loaded ai .a in(m) .
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Figure 11. Schematic of Centrally Loaded Plxte.

This equation is based on regular plate theory for r greater than
1.724h. However, for r less than 1.724h, thick plate theory was
used, which takes into account stresses normal to the plate and
the three dimensional nature of the problem.

For both the finite plate, Equation (5), and the infinite
plate, Equation (6), caution must be used in selecting a plate
size for a given stress. Both equations exhibit a maximum point
as shown for a case of the Westergaard equation in Figure 12.
This maximum point closely approximates the separation boundary
between regular plate theory from the flexible plate theory where
combined bending and membrane loads must be considered. TFor all }
analysis shown in this report care was taken to insure that thick-
nesses and related stresses fall to the right of this maximum.
This maximum point can be readily determined for the Westergaard
equation by simply differentiating Equation (6) partially with :
respect to plate thickness h and setting the result to zero. i
However, for the finite plate, Equation (5), the maximum must i
be found by numerical solution over a wide range of thicknesses.

A general solution to Equation (5) would be to divide the left

hand side by the term outside the summation of the right hand side
and solve the dimensionless results for various values of m, n, and
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h=.455 in
30 I West rd Equati
(.21) estergaa quation
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Figure 12. Westergaard Equation for Interior Load.
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a“k/D. This general solution is shown in Figure 13 for v = 0.3,
a = 240 inches and various values of a/b. Equation (5) is non-
zero only for odd values of m and n and a check on convergence
showed that a summaticn for m = n = 499 was sufficient for con-
vergence but in most all cases the summation for m = n = 999 was
used.

2. POLYMER CONCRETE REPAIR

From the standpoint of material selection for repair, concrete
and/or asphalt would probably be the logical choice for runway re-
pair but curing time for both of these materials is just too long.
In recent years polvmer concrete has been developed and has shown
some promise as a fast curing material for rapid runway repair.

In an effort to determine minimum thickness required for a con-
crete repair, Equation (5) has been solved for various values of

a, a/b, h and two values of k. Figures 14 through 16 are given
for k = 100 1b/in?® (0.27 Gnt/m?®) and Figures 17 and 18 are given
for k =

1000 1b/in?® (2.7 Gnt/m?®). For each of the calculations ;
the central load py; = 265 psi (1.1lu MPa)a Poisson ratio v = 0.15 l
and the modulus of elasticity E = 5 x 10° psi (34.5 GPa). Al-

though the maximum stress will occur when the load is at the plate

center the problem arises that the aircraft must pass over the

plate edge to get to the center. For thin plates, the edge stress-

es could become a problem when the aircraft is close to the edge

of the repair. For repairs where the required concrete thickness

is relatively thin, a thicker outer edge should be cast to prevent

edge cracking under load. Magnitudes of the stress level for edge

loads of an infinite plate may be approximated by a Westergaard

edge equation given in Reference 2 and discussed in some detail

in Reference 5.

3. METAL TOD COVERS |

In an effort to reduce failure of the cover material under the
wheel loads an aluminum cover was analyzed. An analysis of brak-
ing or inplane load was accomplished in a manner similar to that
of the T17 material (Figu.e 8) except that the full plate was used
in the analysis. The loading was applied in the same manner, i.e.,
100 pounds (445 nt) distributed around the center of the plate. 2
The results of this analysis are shown in Figure 19. In this
figure only a quarter of the plate is shown and the right hand
lower quarter of the plate would be exactly as the left hand
quarter shown. The upper portion has been omitted but the tensile
stresses as shown in Figure 19 simply become compressive stresses
with the same distribution. This means that the lower portion
(behind the load) has principally a tensile stress distribution
and the upper portion {(ahead of the load) would have a compression
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Figure 13. General Solution of Equation 5. :
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7 ~——— EQUATION 5
2.3 B
(48.3) b~ E = 5x10° psi
v = .15
c = d = 10.09 in
6 P a = 120 in
, (41.4) Z k = 100 1b/in?
i 1 ---- EQUATION 6
J E = 5x10°psi
5 v = .15
(34.5) k = 100 1b/in?
g
max
k psi
(MPa)
i y
(27.6)
3
(20.7)
2
(13.8)
1}~
(6.90)
i | 1 i t
0 2 Y 6 8 10

l
(5.08) (10.2) (15.2) (20.2) (25.4) i
Slab thickness, in (cm) i

l

Figure 1lu4. Maximum Bending Stress for Concrete Plate.
"k = 100 1b/in?®, a = 120 inches.
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EQUATION 5
E = 5x10%psi, v = .15
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Figure 15. Maximum Bending Stress for a Concrete Plate.
k = 100 1b/in®, a = 240 inches.
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Figure 16. Maximum Bending Stress for Concrete Plate.
k = 100 1b/in?, a = 360 inches.
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Figure 17. Maximum Bending Stress for Concrete Plate. !
k = 1000 1b/in’, a = 120 inches.
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EQUATION 5
E = 5x10°%psi

v = .15
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Figure 18. Maximum Bending Stress for a Concrete Plate.

k = 1000 1b/in”’, a = 240, 360 inches.
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Figure 19 . Full Scale Metal FOD Cover Analysis. FOD Cover (i
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Load on 100 Pounds (445 nt) Distributed at Center of
Cover Similar to That of Figure 2. All Stresses Less
Than 5 psi are Omitted. Upper Number Denotes Stresses
in psi and Lower Number Denotes Principal Direction
in Degrees Measured from Line Parallel to Pinned Node
Line. Aluminum Material 0.05-inch (0.13 cm) Thick.
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distripbution equal but opposite to the tensile distribution. The
analysis was made for a 0.05-inch (0.13 cm) thick plate and even
though the metal material is much stiffer than the flexible T17
material the critical buckling stress for the metal material Is

very low. This means that for very thin aluminum materials
(< 3.1 inch (0.25 om)) the critical elastic buckling stress 1o
less than 600 psi (4. .4 MPa) and upon application of the braking

load the material in Zront o: the load will buckle and the major

portion of th» load will be carried by the plate behind the load.
Therefore, for the inplane braking, the only advantage gained by

using m=tal material for a FOD cover is that the failure strength
will be increased.

As a chect on *he bending stress for a metal plate the same
general analysils as used for concrete was also used for an alu-
minum plate. “sing Equation (5), with v = 0.3, E = 10x10® psi
(65 GPa), po = 26% psi (1l.14 MPa) and with two values of x, 100
and 1000 1b/in?® (.?7 and 2.7 Gnt/m?®), bending stress for the center
of a simply supported plate were determined for various values of
a2 and asL . The results of these analyses are given in Figures
2C through 22. For k = 1000 1b/in’® and plate sizes considered
the results appear to be independent of plate size and a/b ratio.
This is confirmed by results of Figure 13 where the solution at
large values of a“k/D is independent of a/b ratio. As one might
suspect the thickness required to reduce the bending stress level
below 30,000 psi (172.4 MPa), an acceptable tensile vield stress
in wrought aluminum sheet, is exceptionally high. The basic rea-
son for such large thickness lies in the fact that bending stress
for plates without elastic foundations will be independent oI the
plate material and solely dependent on plate dimensions anad bound-
ary conditicns. The inclusion of the foundation k requires in-
clusion of the flexural rigidity D for the plate. This same kind
of phenomenon occurs in metal beams and shafts and of course the
methods used to reduce the large thicknesses for these cases are
to use hollow shafts, thin vertical web beams and composite plates
with low strengily filler or stiffening material. The metal plate
problem was encountered in the development of the AM-2 mat where
an overall thickness of 1.% inches (3.81 cm) was used with stiff-
eners placed between two reasonably thin aluminum plates. This
is not to say that metal plates are to be avoided but thin plate
analysis, which takes into account stretching of the plate mid-
plane and flexibility of thin plates, must be exercised. This
problem is much more complicated than the solutions previously
presented for the reasonably thick concrete plates.

4, FLEXIBLE tOD COVER TIE DOWNS

One of the disadvantages of the flexible FOD covers as used
is that jet or propeller blast can get underneath the cover and
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Figure 20. Maximum Bending Stress for an Aluminum Plate.
k = 100 1b/in?, a = 120 inches.
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Figure 21. Maximum Bending Stress for an Aluminum Plate.
k = 100 1b/in®, a = 240, 360 inches.
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Figure 22. Maximum Bending Stress for an Aluminum Plate.
k = 1000 1b/in3%, a = 120, 2u40, 360 inches.
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cause lifting o: the cover thus imposing additiconal membrane
stresses in the cover. The pinning of the sides could eliminate
this problem, however this would give increased time for initial
installation and subsequent removal and repair 1f required. In-
creased stability of the sides of the flexible FOI cover could be
obtained by a taut cable attached to the sides of the cover and
tied to the pinned ends. The cable could be installed very quick-
ly along with the proper installation procedure. The following

discussion descripes one cable installation procedure.

If the size >f the cover is chosen as X of Figure 23a then the
pinned-end length could be extended 6 inches (15.24 cm) on either
side as shown in Figure 23a. After the pinned-end X has been
pinned down anc cables attached at pins marked A the cover is
pulled out in the opposite direction of the repaired crater. With
the cover under side up the cables are laid down and the flaps
folded over and contact cemented to the exposed under side of the
cover as shown in Figure 23b. After the crater is repaired the
cover is then pulled over the crater and the Y-end pinned to the
runway. The loose cable ends are then pulled taut and fixed at
pins marked B of Figure 23c.

It is expected that a (.125-inch (0.318 cm, diameter aircraft
cable with 100-200 1bf (445-890 nt) tension wouid be sufficient
to hold down the loose edges of the flexible FOD cover.

5. PHASE II DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

It is concluded that some type polymer concrete would be the
logical material for rapid repair if all the problems associated
with handling, mixing, cure time, and shrinkage, shelf life, etc.
could be eliminated. However, with increased strength and assoc-
iated decrease in thickness required for the given load, the problem
of excessive deflection must be considered. This problem has bee:
ignored in the analyses presented herein. Also decreased tihickness
and a shift toward resulting membrane stresses complicate the
analysis and simple clused form solutions are not available. In
addition simple quasi-static material properties may not be suf-
ficient to describe the thinner plate response.

Metal FOD covers offer the advantage of strength but permanent
deformation resulting in buckles and wheel ruts will be a problem.
Small scale testing of standard metal sheets subjected to typical
aircraft loads should be attempted before any full scale test is
attempted. Joining problems associated with large thin sheets
will almost prohibit their use.

Thin flexible membranes lend themselves very well to ease of
handling and rapid repair. If continued use of the flexible
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Figure 23. Schematic of Cable Tie Down of FOD Cover Sides.
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membrane is dictated then studies into stronger filaments or a
hybrid system of cloth-metal fibers or glass-metal fibers bound
by a flexible matrix would be recommended. The T17 material with
reinforced 0.063-inch (0.159 cm) cables on a 4.0-inch (10.16 cm)
grid or just running parallel with take-off direction could prove
capable of carrying the braking loads. 1In all cases of flexible
covers it is recommended that all edges be held down in some

manner.

39




REFERENCES

Vollor, T. W., "Comparison of Performance of Experimental
Membranes, Nonskid Compounds, Adhesives, and Earth Anchors
with Regard to C-130 Aircraft Operational Requirements,"
WES-TR-S-71-11, U. S. Army Waterways Experiment Station,
Vicksburg, Mississippi.

Timoshenko, S., and Woinowsky-Krieger, S., Theory of Plates
and Shells, McGraw-Hill Book Co., 1959,

Szilard, R., Theory and Analysis of Plates, Classical and
Numerical Methods, Prentice-Hall, Inc., 197L.

Hughes, W. F., and Brighton, J. A., Theory and Problems of
Fluid Dynamics, Schaum's Outline Series, Schaum Publishing
Co., 1967.

Yoder, E. J., and Witczak, M. W., Principles of Pavement
Desien, 2nd Ed., Wiley Interscience Pub., John Wiley & Sons,
New York.

40

i Sny N




INITIAL DISTRIBUTION

DDC-DDA-2 12

HQ AFSC/DLWM/SDNE/DEE/DEM 4

HQ USAFE/DEMY/DEM/DEX 3

HQ USAFE/EUROPS (DEXD) 1

AFATL/DLJK/DLODL 2

AD/IN 1

USAFTAWC /RX /THL/THLA 3

EOARD/LNS 1

SHAPE Tech Center 1

- HQ PACAF/DEE/DEMM/DEM/DEPR 4
s HQ TAC/DEE/DRP 2
AUL/LSE 71-249 1

COMMCBLANT 1

AFISC/IGOB 1

HQ SAC/DE/DEE/DEM 3

US Navy Civil Engrg Lab 1

HQ ATC/DED/DEE 2

HQ MAC/DEM 1

HQ AFESC/DEMP/DEO/TST 3

HQ AFESC/RDCR 5

BDM Corp 2

: USAE WESGF 1
! HQ USAF /LEEX /LEYW/RDPX 2
AFWAL/MMXE /FIEM/FIBE 3

HQ AFLC/DEMB/DEE 2

AFIT/DET/LDE 2
1

1

1

1

1

1

1l

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

5

ASD /TAAMF

819 CESHR

200 CESHR/CC

201 CESHR/CC

Det 1, 307 CESHR/CC
307 CESHR/CC

554 CESHR/CC

Det 1, 554 DESHR/CC
820 CESHR/CC

823 CESHR/CC

HQ AAFCE

TAC ZEIST

559 CE CFE HQ

1 HQ 3 in C, Moduk (Army)

‘ Iuftwaffenpionierlehr Kompanie
LuftflottenKommando A3V
Etat-Major
Etat~Major Force Aerienne
Fixed Wg Eng Tech Sec, A&Aee
Defense Equip. Staff Brit Emb.
Procurement Exec. Min of Def.
Dept of Civil Engrg, Mar. Univ.
Univ. of Florida, Grad Engrg Cen

SR ]

:
1
|

41
(The reverse of this page is blank.)







